Direct detection of the relative strength of Rashba and Dresselhaus spin-orbit interaction: Utilizing 

the SU(2) symmetry 
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We propose a simple method to detect the relative strength of Rashba and Dresselhaus spin-obit interactions in 
quantum wells (QWs) without relying on the directional-dependent physical quantities. This method utilize the 
asymmetry of critical gate voltages that leading to the remarkable signals of SU(2) symmetry, which happens 
to reflect the intrinsic structure inversion asymmetry of the QW. We support our proposal by the numerical 
calculation of in-plane relaxation times based on the self-consistent eight-band Kane model. We find that the two 
different critical gate voltages leading to the maximum spin relaxation times [one effect of the SU(2) symmetry] 
can simply determine the ratio of the coefficients of Rashba and Dresselhaus terms. Our proposal can also 
be generalized to extract the relative strengths of the spin-orbit interactions in quantum wire and quantum dot 
structures. 

PACS numbers: 72.25.Dc, 71.70.Ej, 73.21.Fg, 72.25.Rb 



The spin-obit interaction (SOI), which is a manifestation 
of the relativistic effect, transforms the electric fields into 
momentum-dependent effective magnetic fields, coupling the 
electron spin with electron orbital motion. The SOI provides 
us an efficient way to control the electron spin with electric 
fields instead of magnetic fields gill], therefore plays an im- 
portant role in realizing all-electrical controlled spintronic de- 
vices. According to the different origins of SOI in semicon- 
ductor quantum structures, the SOI has been distinguished 
by the Rashba SOI (RSOI) arising from structure inversion 
asymmetry (SIA)[4] and the Dresselhaus SOI (DSOI) caused 
by bulk inversion asymmetry (BIA), respectively. [5] These 
two types of SOI, yielding different effective SO magnetic 
field, leads to different behaviors of spin-transport proper- 
ties and spin relaxation. Naturally, the ratio of Rashba and 
Dresselhaus coefficients (RD ratio) becomes a key param- 
eter for understanding the spin-related phenomena and de- 
signing the future spintronic devices. Previously, the RD 
ratio can be determined by mapping the ^-dependent spin 
photocurrent,|Q 0] in-plane spin-relaxation time, HI] the spin 
precession about the effective spin-obit magnetic fields^ into 
the components coming from DSOI and RSOI, or utilizing 
the anisotropic conductance of quantum wires in the presence 
of in-plane magnetic fields. II lfJ Therefore the above methods 
require exquisite measurement with respect of the crystallo- 
graphic axis. Although these methods have been successfully 
used to study the relative strength of the Rashba and Dressel- 
haus SOIs in two-dimensional quantum well and heterostruc- 
tures, the obtained RD ratio still holds certain ambiguity as 
pointed out by the authors 1I7L l8l IToTl . Hence, finding a simple 
and accurate method to determine the RD ratio in all sorts of 
systems remains a challenging but important task. 



In this Letter, we propose a direct method that can separate 
the RSOI from DSOI and determine the RD ratio in an asym- 
metric [001] -oriented zincblende quantum well (QW). Apply- 
ing a gate voltage cross the QW to tune the total RSOI in this 
structure (see Fig. Q}, we can find two different magnitudes of 
critical gate voltages to restore the exact SU(2) svmmetrv lll ill 



by strengthening or canceling intrinsic RSOI existing in this 
QW. The difference between these two critical gate voltages 
extract the exact information of intrinsic structure inversion 
asymmetry of this QW, with bulk inversion asymmetry sep- 
arating apart. Therefore the two critical gate voltages can 
be used to determine the RD ratio in this asymmetric QW. 
Compare with the previous works, this proposal does not rely 
on measurements along specific directions !!^ and is robust 
against all the effects that cannot change the structure inver- 
sion asymmetry such as the isotropic impurity scattering. In 
addition, this proposal offers a general scheme that does not 
dependent on a specific experimental technology and the di- 
mensionality of the experimental sample, e.g., quantum wires 
and dots. A series of remarkable physical effects in quantum 
wells, wires and dotsjTll[l3rj2ll] led by the SU(2) symmetry 
can be used to measure the critical gate voltages, consequently 
the RD ratio in these quantum structures. 

Firstly we give a picture of our proposal based on the 
single-band model of two-dimensional electron gas (2DEG) 
with two types of SOI: 
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where Hr — a (k y cr x - k x (r y j is the Rashba spin-obit interac- 
tion term, Ho = f}\k y o~ y - k x cr^j + y\k%k x cr x - k 2 k y cr y ^ is the 

Dresselhaus spin-obit interaction term, and k = (k x , k y ^j is in- 
plane wave vector. Here, a is the linear Rashba coefficient, 
f3 and y are the linear and cubic Dresselhaus coefficients, re- 
spectively. The Rashba coefficient a can be tuned easily by 
changing the structure inversion asymmetry, for instance, by 
gate voltage applied perpendicular to the QW plane. [2] While 
the Dresselhaus coefficients (3 and y can be adjusted by chang- 
ing the thickness of quantum wells. If we adopt the infinite 

high barrier model, f3 » J\\) = V\~£) • 

The interplay between the RSOI and DSOI would lead 
to the anisotropy of optical and transport properties, since 
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FIG. 1 : (Color online) The calculated band profiles of an asymmet- 
rically n-doped Alo.3Gao.7As/GaAs/Alo.3Gao.7As QW and the elec- 
tron (hole) probability distribution for different gate voltage bias (a) 
U ex = V (b) U s+ = 0.4 V (c) U s - = -0.08 V. The sketches under 
each band profiles show schematically the effective spin-obit mag- 
netic field. The panels (d) (e) (f) are the effective spin-obit mag- 
netic field calculated by self-consistent eight-band Kane model cor- 
responding to (a) (b) (c), respectively. The doping concentration is 
fixed at No = 4.0 x 10" cnT 2 . 



the DSOI depends sensitively on the crystallographic ori- 
entations, while the RSOI shows an isotropic behavior. If 
we tune gate voltage to satisfy a — +/3 (neglecting the cu- 
bic Dresselhaus term), the Hamiltonian of 2DEG show the 
exact SU(2) symmetry. Ml ill The exact SU(2) symmetry is a 
very unique property of quantum systems that the RSOI and 
DSOI happen to cancel each other for k along [110] or [1 10] 
and is revealed to be robust against spin-independent disorder 
interactions.] 1 1] As a consequence, the exact SU(2) symme- 
try would lead to a series of remarkable physical effects. For 
example, there should be a maximum spin life-time for elec- 
tron spins align along [1 10] or [1 10] direction. 111311 a persistent 
spin helix could exist in the sample, [3 the diminishing 
of the weak antilocalizationlls, 16] and the beating pattern 
of SdH oscillation. JT7, 18] Besides it is worth noticing that 
in quasi-one-dimensional quantum wire and zero-dimensional 



quantum dot, the SU(2) symmetry could also induce strong 
physical effects. Such as the conductance of a quantum wire 
shows strong anisotropy] 19, 20] and the spin relaxation curve 
of a quantum dot shows a cusplike structure[21]. All these 
physical effects can be used to determine the critical gate volt- 
ages that restore the SU(2) symmetry. 

Notice that the SU(2) symmetry could be achieved by ap- 
plying both positive and negative electric fields, each satis- 
fying a = +/3. The total Rashba coefficient of an asymmet- 
ric QW with gate voltage tuning the SIA can be viewed as 
a superposition of two parts a — ao + a ex . The first part ao 
comes from the intrinsic SIA of the sample, e.g., the asymmet- 
ric doping or band profile. The second part a ex is introduced 
by the external electric field of the gate voltage. By sweep- 
ing the gate voltage, one can find two values U s ± to meet the 
SU(2) symmetry conditions: ao + a s ± = +j3. Here we label 
the external Rashba coefficients that lead to the SU(2) sym- 
metry conditions with a s± . If we neglect the difference of the 
dielectric constant between the well and barrier materials, we 
can simply assume a s± to be proportional to U s± . From the 
requirement restoring the SU(2) symmetry, one can find 



ao 
P 



U s+ + U s - 

u7- - u s+ 



(2) 



Eq. d2]i demonstrate that, if there is no intrinsic SIA in the 
sample, i.e., ao - 0, we should expect that U s+ = —U s -\ 
while if ao + 0, we get U s + + —U s — From a symmetry 
consideration, this conclusion is easy to understand because 
there would be no difference between \U S ±\ unless the [001] 
and [001] directions of the QW are asymmetric. This con- 
sideration guarantee our proposal to be robust against all the 
effects that does not change the symmetry of [001] and [001] 
directions, such as the isotropic impurity scattering. This con- 
clusion can be also supported by an eight-band self-consistent 
calculation, as shown in Fig. Q] In an asymmetrically doped 
Alo.3Gao.7As/GaAs/Alo.3Gao.7As QW, the results show that 
the critical voltages to satisfy a — +/3 are 0.4 V and -0.08 
V respectively [see the panels (b) and (c)]. From the compo- 
sitions of total effective spin-orbit magnetic field (the panels 
under the band profile), one can see clearly that the difference 
between \U S± \ comes from the intrinsic SIA. In Fig. Q](d)-(f), 
we show the effective spin-orbit magnetic field calculated by 
eight-band self-consistent calculation, which already takes the 
cubic Dresselhaus terms into account. Although the existence 
of cubic Dresselhaus terms might cause a different configura- 
tion rather than the exact SU(2) symmetry [see the panels (e) 
and (f)], the panel (e) still shows the mirror reflection symme- 
try with the panel (f), indicating that the total Rashba coeffi- 
cient of these two panels are of the same magnitude (but with 
opposite signs). The intrinsic SIA still request two asymmet- 
rical critical voltages to achieve the total ROI in panels (e) and 
(f). So the asymmetrical critical voltages always reflects the 
intrinsic SIA of QW, even taking account of the cubic Dres- 
selhaus terms. 

Next, we will take the in-plane D'yakonov-PereF (DP) spin 
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FIG. 3: (Color Online) (a) The in-plane spin relaxation time r ± 
as a function of gate voltage in 15 nm asymmetrically n-doped 
Alo.3Gao.7As/GaAs/Alo.3Gao.7As QW (N D = 4 x 10" cm" 2 ) (b) 
a/8* determined by Eq. Q as a function of gate voltage for 
Alo.3Gao.7As/GaAs/Alo.3Gao.7As QWs with different well widths. 



FIG. 2: (Color online) (a) Calculated in-plane spin relax- 
ation times r+ as a function of gate voltage in n-doped 
Alo.3Gao.7As/GaAs/Alo.3Gao.7As QW with different doping condi- 
tions: The solid lines denote the QW doped symmetrically; The 
dashed, dotted and dashdotted lines denote the QWs doped asymmet- 
rically with different doping concentrations (the unit is 10" cirr 2 ) (c) 
t+ as a function of gate voltage in Al v Gai_ v As/GaAs/Alo.3Gao.7As 
QW with different Al composition x. (b) and (d) the RD ratios or IP* 
as a function of the doping concentration and Al composition, re- 
spectively, for different thicknesses of QWs. 



relaxation times l22ll as an example to demonstrate the va- 
lidity of our proposal. This calculation is based on a self- 
consistent eight-band Kane model. f23l The band parameters 
can be found in Ref. |24j, and the BIA Kane parameter Bo 
are obtained from 14-band effective mass model in Ref. |25[ 
In Fig. 0(a) and (c) we exhibit the calculated spin relaxation 
times for electron spin along [1 10] or [1 10] (denoted by r+, t_ 
respectively) as a function of gate voltage in 15 nm n-doped 
GaAs/AlGaAs QWs with different doping conditions and Al 
compositions of barrier (i.e., asymmetrical barrier heights), 
respectively. In order to understand the numerical results of 
spin relaxation times, we introduce the analytical results of 
DP spin relaxation times at T = K B 1311 
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1 + T3/T] 
16 



(3) 

where kf is the Fermi wave vector of electron, and we simply 
take a typical momentum scattering time t\ — tj — 0.1 ps in 
this paper. By sweeping the gate voltage, the total Rashba co- 
efficient a change linearly. So one can find the maximum spin 
relaxation time T^ ax = Sh 2 / (k F y 2 T^ when a = + [p - \k 2 yj, 
corresponding to the peaks of t ± in Fig. |2](a). The two peaks 
are symmetric with respect to the zero voltage (\U s+ \ = \U s -\) 
for a symmetrical QW [see the solid lines] but asymmetric 
(\U s +\ + \U s -\) [see the dashed, dotted and dashdotted lines] 
for asymmetrical QWs. Different from the ^-linear SOI model 



which neglects the cubic Dresselhaus term, r± would not go 
infinite and the maximum values do not show at a = ±B. Sim- 
ilar to the analysis on the spin-galvanic effect by Ganichev 
et al.jfj, we can take the B* — B - \k 2 F y as the renormal- 
ized Dresselhaus coefficient for ^-linear SOI model. There- 
fore we actually get ao/B* from Eq. (|2]i rather than ao/B and 
the difference between B and B* comes from the contribution 
of cubic Dresselhaus term. In Figs. [2] (b) and (d) we dis- 
play ao//3* determined from the critical gate voltage that lead 
to the maximum in-plane spin relaxation time. As expected, 
ao/B* increase with increasing the asymmetrical doping con- 
centration or the composition difference between the left and 
right barriers. For the QWs with different doping concentra- 
tions, a\) IB* also increase with increasing the well width, since 

B* ~ B x y(^) ■ For the QWs with different compositions of 
barriers, ao 1/3* turns to be not sensitive to the change of well 
width, because ao are very small in these cases. 

In addition to the intrinsic Rashba coefficient ao, it is also 
possible to determine the relative strength of total Rashba co- 
efficient a and Dresselhaus coefficient B in the QW through 
the in-plane spin relaxation times. From Eq. ([3]) we can find 
the condition for the in-plane spin relaxation times r ± to reach 
a same value r, satisfying ao + a ± - +a. As shown in Fig. [3] 
(a), for a r s < r™ x , we can find the gate voltages U ± corre- 
sponding to t ± - t s . Usually, there are two different gate volt- 
ages for each t + and r_. So we must limit that if \U+\ > \U s+ \ 
(|C/+| < \U s+ \), we choose \U-\ > \U s -\ (\U-\ < |C/ S _|). Com- 
bine these conditions and Eq. (0, we can get 
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(U S+ + U S -)(U--U + ) 



(4) 



(U S --U S+ )(U + + U-) 
If the QW is inversion symmetric, we should have 
a_ _ U- - U+ _ _f4 

/F " uZ - u7- ~ ~±' 

In Fig. [3] (b) we plot a/B* as a function of gate voltage 
in asymmetrically n-doped GaAs/AlGaAs QWs with differ- 
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FIG. 4: (Color online) (a) Calculated in-plane spin relaxation time 
t+ as a function of gate voltage in an 15 nm asymmetrically doped 
(N D = 4 x 10" cm- 2 ) Alo.3Gao.7As/GaAs/Alo.3Gao.7As QW at dif- 
ferent temperatures, (b) The RD ratio ao//?* as a function of asym- 
metric doping concentration in Alo.3Gao.7As/GaAs/Alo.3Gao.7As QW 
with different well widths L„, = 12, 15, 18 nm. The triangle, diamond 
and square dots are obtained from Eq. ©. The solid and dashed 
lines are a //3* and a //3 obtained by fitting parameters directly from 
the eight-band spin-splitting, respectively. (c)The RD Ratio ao/B* 
obtained from Eq. 10 as a function of asymmetrical doping concen- 
tration N D for different material of QWs. 



ent well widths. The figure shows a/B* increase almost lin- 
early with gate voltage, which is consistent with the analytical 
results of Rashba coefficient in the previous work[26]. The 
slope of a/B* for narrow wells are smaller than that of thick 
wells because B* is larger in narrow wells. 

In Fig. |4](a), we investigate the temperature effect on the in- 
plane spin relaxation time. As we shown in the figure, the in- 
plane spin life time peaks which characters the emergence of 
SU(2) symmetry would be gradually smeared out when tem- 
perature increases from T = 4 K to 150 K or even higher. 
That is because of the blurring of the Fermi surface with in- 
creasing temperature. [23] We may also associate that many of 
other SU(2) symmetry phenomenons may disappear at high 
temperature due to the blurring of the Fermi surface. So it 
is suggested that the SU(2) symmetry phenomenons should 
be observed at T < 77 K. In Fig. [4] (b) we compare the 
RD ratios ao//3* obtained by Eq. (0 and that obtained by 
fitting parameters directly from the spin-splitting. We find 
that the ratios ao//3* agree well with the results fitted from 
the spin-splitting at low doping concentration and are espe- 
cially good for narrow QWs. For heavily doped QW with 
wide wells, ao/B* obtained by the spin relaxation time cal- 
culation could deviate from that from the fitting of the spin- 
splitting. The reason is when the doping concentration is high, 
ao could be influenced by the change of the internal electric 



field due to the charge redistribution induced by the external 
gate voltage. That makes the ao under the external electric 
field different from the direct fitting parameters from the zero- 
field spin-splitting. However, as we see in the Fig. [4] (b), 
the charge redistribution effect is very limited at light doping 
(N D < 4 X 10 11 cnr 2 ) and narrow QWs (L„, < 15 nm). ao/B* 
obtained by the critical gate voltages measurement are more 
accurate in these cases. In Fig. |4](b) we also show the differ- 
ence between ao//? and ao/ J3*. This difference comes from the 
contribution of the cubic Dresselhaus terms, and is very small 
(less than 0.2) when No is less than 3 x 10 11 cirT 2 , which 
demonstrates that the single band model with fc-linear SOI co- 
efficients are valid at low doping concentration. In Fig. [4] 
(c) we show the calculated RD ratio ao//3* for different QWs. 
Though these BIA Kane parameters Bo are still in a big uncer- 
tainty today, we can still see that for the narrow bandgap QW, 
such as InAs/GalnAs and InSb/AlInSb, the relative strength of 
Rashba SOI are much larger than that of middle bandgap QWs 
GaAs/AlGaAs, GalnAs/AlInAs. This is because the RSOI 
comes from the interband coupling of conduction and valence 
bands, which is much stronger in narrow bandgap materials. 

In summary, we proposed a simple and direct method to 
separate the intrinsic RSOI from DSOI. The relative strength 
of RSOI and DSOI can be determined by the critical gate volt- 
ages that restores the SU(2) symmetry in 2DEG. The SU(2) 
symmetry leads to a series of characteristic physical effects, 
such as the maximum in-plane spin relaxation time, the per- 
sistent spin helix and so on. Through the in-plane spin relax- 
ation time calculation based on the self-consistent eight-band 
model, we demonstrate our proposal is valid and can be used 
to detect the strengths of the SOIs in quantum wells, wires 
and dots utilizing the SU(2) symmetry. Our proposal offers a 
general scheme that many experimental techniques could be 
used to determine this important parameter and facilitate us to 
manually control the spin degree of freedom. 
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